1. Introduction {#sec1}
===============

Oral squamous cell carcinoma (oral SCC) is painful and significantly impairs oral function and decreases quality of life in patients ([@bib39]; [@bib40]). Cancer pain is driven by the interaction between the cancer and peripheral nerves. Cancer releases algogenic mediators that excite and sensitize primary afferent neurons ([@bib39]; [@bib40]; [@bib48]). Cancer invades and spreads along the nerve (*i.e*., neural invasion, NI), leading to nerve injury and neuropathic pain ([@bib30]; [@bib57]). Oral SCC pain could also be induced by pathological nerve sprouting into the tumor ([@bib30]). However, current studies on oral SCC-nerve interaction focus only on the interaction between cancer and primary afferent neurons; the role of Schwann cells is overlooked.

Schwann cells are the most prevalent cell type in peripheral nerves, comprising 90% of the endoneurial space ([@bib5]). Schwann cells are plastic; they become activated as evidenced by dedifferentiating, proliferating, and migrating in response to peripheral insults such as inflammation or nerve injury ([@bib18]; [@bib20]; [@bib42]; [@bib52]). They provide neuronal guidance and promote axonal growth during nerve regeneration and repair ([@bib3]; [@bib7]; [@bib20]). The process of nerve regernation in which Schwann cells play a critical role drives persistent neuropathic pain ([@bib50]). Schwann cells are activated under hypoxic conditions and in the presence of pancreatic, colon, gastric and adenoid cystic carcinoma cells ([@bib8]; [@bib10], [@bib12]). Activated Schwann cells promote cancer growth, invasion, dispersion, and secrete neurotrophic factors, chemokines/cytokines, proteases, and adhesion molecules ([@bib4]; [@bib8]; [@bib9]; [@bib10], [@bib11]). Schwann cells recruit cancer cells to the nerve, and may promote neuronal sprouting into the cancer ([@bib8]; [@bib9]). Some neurotrophic factors and pro-inflammatory cytokines released by activated Schwann cells could directly excite and sensitize primary afferent neurons ([@bib18]; [@bib22]; [@bib42]). These findings suggest that Schwann cells could be activated by oral SCC and contribute to cancer progression and pain.

We showed previously that the oral SCC microenvironment contains high levels of adenosine 5′-triphosphate (ATP) in preclinical cancer models and human oral cancers ([@bib55]). ATP rapidly degrades to adenosine by two cell surface enzymes CD73 (*NT5E*) and CD39 (*ENTPD1*) ([@bib13]). Both CD73 and CD39 are upregulated in cancer, suggesting more rapid conversion of ATP to adenosine in the cancer microenvironment compared to normal conditions, resulting in adenosine accumulation ([@bib13]; [@bib24]; [@bib34]). Adenosine is a neurotransmitter that regulates glial development, differentiation and glia-neuron communication ([@bib47]). The adenosine receptor A2B (*ADORA2B*) is overexpressed in oral SCC cell lines and human cancer specimens, and its expression levels significantly correlate with oral SCC growth ([@bib23]; [@bib51]). Adenosine is long-thought to be an inhibitory neurotransmitter for nociceptive signaling ([@bib37]). However, recent studies show that sustained exposure to adenosine may underlie chronic pain by activating A2B receptors on circulating myeloid cells to release IL-6, which results in increased neuronal sensitivity and chronic pain ([@bib19]).

In the present study we hypothesize a reciprocal interaction between oral SCC and Schwann cells that promotes cancer progression and pain. We propose that oral SCC and Schwann cell interact with each other through adenosine signaling and that interaction can be modulated by the adenosine receptor A2B. We will examine whether IL-6 is a Schwann cell derived nociceptive mediator that can be modulated by the A2B receptor.

2. Materials and methods {#sec2}
========================

2.1. Cell culture and chemicals {#sec2.1}
-------------------------------

Human oral SCC (HSC-3), human dysplastic oral keratinocytes (DOK), and rat Schwann cells (RSC-96) were purchased from ATCC. Cell passages between 4 and 10 were used for all experiments. Cells were grown in Dulbecco\'s Modified Eagle\'s Medium (DMEM) with 4.5 g/L glucose, L-glutamine and sodium pyruvate (Gibco, Thermo Fisher Scientific), supplemented with 10% fetal bovine serum (FBS), 100 μg/mL streptomycin sulfate, and 100 U/mL penicillin G at 37 °C in 5% CO~2~. A highly selective A2B antagonist PSB603 (\>17000-fold selectivity over other adenosine receptors) was obtained from Tocris Bioscience. Adenosine and adenosine 5′-triphosphate (ATP) were purchased from Sigma-Aldrich.

2.2. Animals {#sec2.2}
------------

Six to eight week-old female BALB/cJ mice (Jackson laboratories) were housed in a temperature-controlled, pathogen free room on a 12:12 light/dark cycle (6 AM--6 PM) with *ad libitum* access to food and water. A total of 24 mice were used in the project. All procedures involving animals were approved by the New York University Institutional Animal Care and Use Committee (IACUC) under protocol \# 160908-01, in accordance with the Guide for the Care and Use of Laboratory Animals published by the U.S. Institute for Laboratory Animal Research (8th edition). For all experiments, animals were habituated to handling prior to testing.

2.3. Schwann cell size measurement {#sec2.3}
----------------------------------

To study the effect of oral SCC on Schwann cell morphology, 20 × 10^3^ (20k) RSC-96 cells were cultured in 6-well plates with the same number of HSC-3 cells or DOK cells grown in cell inserts (3-μm pore size, Corning, [Fig. 1](#fig1){ref-type="fig"}A). Control RSC-96 cells were cultured with inserts containing just culture media DMEM. Following 24 hours in co-culture, cell inserts were discarded; RSC-96 cells were fixed and stained with Diff-Quik solution (Microptic) according the manufacturer\'s protocol. The RSC-96 cells were imaged under a Nikon Eclipse TI microscope. Cell body area was automatically measured using Nikon Element software. Three images were taken for each well, and at least three wells were used for each treatment.Fig. 1Oral SCC induces Schwann cell hypertrophy and increased Ca^2+^ influx. (A) Co-culture model. To study Schwann cell morphology and basal intracellular Ca^2+^ levels following exposure to cancer cells, RSC-96 cells were cultured in the lower chamber, while either DOK or HSC-3 cells were cultured in the cell inserts. The inserts have 3 μm-sized pores that allow free exchange of media but do not allow cells to migrate through. (B) Representative images of RSC-96 cells cultured with inserts containing DMEM, DOK or HSC-3. Scale: 100 μm. (C) The mean size of RSC-96 cells was greater when co-cultured with HSC-3 cells, compared to RSC-96 cells co-culture with DOK or with DMEM alone. (D) Intracellular Ca^2+^ concentration was higher in Schwann cells co-cultured with HSC-3 cells compared with co-culture with DOK or with DMEM alone. (E) Representative Ca^2+^ responses of RSC-96 cells to DMEM, HSC-3 supernatant, and 100 μM ATP. Each color represents a different cell. One-way ANOVA with Tukey\'s post hoc analysis.Fig. 1

2.4. Ca^2+^ imaging {#sec2.4}
-------------------

Cultured RSC-96 cells were loaded with 1 μM Fura-2 AM (Molecular Probes) for 30 minutes and washed with HBSS. Fluorescence was detected by a Nikon Eclipse TI microscope fitted with a 20X fluor/NA 0.75 objective lens. Fluorescence images of 340 and 380 excitation wavelengths were collected and analyzed with the Nikon TI Element Software. To study the effect of cancer cells on Schwann cell intracellular Ca^2+^ levels, RSC-96 cells were seeded onto glass coverslips and co-cultured with either inserts (3-μm pore size, Corning) containing DMEM alone, inserts with DOK culture, or inserts with HSC-3 culture ([Fig. 1](#fig1){ref-type="fig"}A). After 24 hours of co-culture, the inserts were removed, RSC-96 cells were perfused with HBSS, and alternating fluorescent images at 340nm and 380nm wavelength were taken for one minute. The 340/380 ratios in one-minute were averaged and compared among control RSC-96 cells, RSC-96 cells co-cultured with DOK cells, and RSC-96 cells co-cultured with HSC-3 cells. To study whether cancer cells induce Ca^2+^ influx in normal RSC-96 cells, HSC-3 cell supernatant was collected using a published method ([@bib38]; [@bib54], [@bib53], [@bib55], [@bib56]). HSC-3 cells were cultured until 90% confluence. Media were replaced with fresh serum free media 48 hours prior to collection of supernatant. Ca^2+^ imaging was conducted on RSC-96 cells by applying DMEM for one minute, followed by HSC-3 cell supernatant for two minutes, and 100 μM of ATP (a positive control) for another 1 minute. Cells were counted as HSC-3 supernatant responsive if the 340/380 ratio is ≥ 0.2 from baseline according to a published method ([@bib55]).

2.5. Cell growth measurement with a real time cell analyzer (RTCA) {#sec2.5}
------------------------------------------------------------------

The real time growth kinetics of RSC-96 cells and HSC-3 cells were examined using the Real-Time Cell Analyzer (RTCA) (xCELLigence System, Roche Applied Science) according to published methods ([@bib35]). After background recordings, 10k cells were added to each well of the plate. Cell growth was monitored for 18 hours to enter their logarithmic growth phase, before 100 μL control culture media, drug treatment, or cell inserts were added ([Fig. 2](#fig2){ref-type="fig"}A). For co-culture experiments ([Fig. 2](#fig2){ref-type="fig"}A, [Fig. 3](#fig3){ref-type="fig"}A), either HSC-3 (10k or 20k) or RSC-96 (10k or 20k) cells were placed into cell inserts (3-μm pore size, xCELLigence Systems). Cell impedance was recorded for an additional 48--72 hours. Cell growth rate (slope, delta cell index/over delta time) was calculated based on the most linear portion of the cell growth curve before the plateau, using the RTCA Software Package 1.2. At least 5 wells were used for each treatment.Fig. 2Oral SCC promotes Schwann cell proliferation, migration, and invasion. (A) To study the effect of HSC-3 or DOK cells on Schwann cell proliferation, RSC-96 cells were cultured in the lower chamber, while either DOK or HSC-3 cells were cultured in the cell inserts. (B) Growth rate of RSC-96 cells measured by the RTCA, increased with HSC-3 cell number. (C) Optical density (OD) measured using the MTS assay increased when RSC-96 cells were co-cultured with DOK or HSC-3 cells compared to DMEM alone. Kruskal-Wallis with Dunn\'s test. (D) To study the effect of HSC-3 or DOK cells on RSC-96 migration, RSC-96 cells were cultured in a migration chamber. Either HSC-3 or DOK cells were seeded in the bottom chamber. (E) Migration of RSC-96 cells towards HSC-3 cells increased in a cell number dependent manner. (F) Increased numbers of RSC-96 cells migrated toward HSC-3 cells compared to DOK or DMEM. (G) To study effect of HSC-3 or DOK cells on RSC-96 invasion, RSC-96 cells were cultured in invasion chambers. Either HSC-3 or DOK cells were seeded in the bottom chamber. (H) Increased numbers of invaded RSC-96 cells towards HSC-3 compared to DOK or DMEM. One-way ANOVA with Tukey\'s post hoc analysis.Fig. 2Fig. 3Schwann cells promote oral SCC proliferation, migration, and invasion. (A) To study the effect of RSC-96 cells on proliferation, HSC-3 or DOK cells were cultured in the lower chamber, and RSC-96 cells were cultured in the cell inserts. Cell culture media DMEM in the lower chamber was used as control. (B) Growth rate of HSC-3 cells, measured with the RTCA, increased with RSC-96 cell number. (C) HSC-3 cells proliferated more than DOK when co-cultured with RSC-96 cells. Data are presented as a percentage increase in OD from DMEM treated controls. (D) To study the effect of RSC-96 on cancer cell migration, HSC-3 or DOK cells were cultured in migration chambers with RSC-96 cells or DMEM (control) in the bottom chamber. (E) HSC-3 cells migrated towards RSC-96 cells in a cell number dependent manner. (F) HSC-3 cells migrated more than DOK towards RSC-96 cells. Data are presented as a percentage increase in number of migrated cells towards RSC-96 relative to DMEM controls. (G) To study effect of RSC-96 cells on cancer cell invasion, HSC-3 and DOK cells were cultured in invasion chambers with RSC-96 cells seeded at the bottom chamber. Bottom chambers containing DMEM alone were used as controls. (H) Increased invasion of HSC-3 cells compared to DOK cells in the presence of RSC-96 cells. Data are presented as percentage increase in number of invaded cells towards RSC-96 relative to DMEM treated controls. B, E, one-way ANOVA with Tukey\'s post hoc analysis; C, Mann-Whitney U-test, F, H, student\'s t-test.Fig. 3

2.6. Cell proliferation assay {#sec2.6}
-----------------------------

Cell growth was further confirmed with CellTiter 96® Aqueous One Solution Reagent (Promega) following the manufacturer\'s instructions. Either HSC-3 or RSC-96 cells were seeded at a density of 10k cells/well in 96-well plates. After 24 hours in culture, cell inserts for 96-well plates (3-μm pore size, xCELLigence Systems) or drugs were added into each well. Cells were incubated for another 48 hours until cell proliferation was measured at 490 nm optical density (OD) using a microplate reader (Promega). For co-culture experiments, the same density of HSC-3 (10k) and RSC-96 (10k) cells was used ([Fig. 2](#fig2){ref-type="fig"}A, [Fig. 3](#fig3){ref-type="fig"}A). Experiments were performed in triplicates and were repeated twice.

2.7. Migration and invasion assays {#sec2.7}
----------------------------------

Cell migration assays were performed using 6-well culture plates and transwell Boyden chambers with an 8-μm pore size according to the manufacturer\'s instructions (Corning, [Fig. 2](#fig2){ref-type="fig"}D, [Fig. 3](#fig3){ref-type="fig"}D). For the invasion assays we used 6-well culture plates and matrigel coated Boyden chambers with 8-μm pore size (BD Biosciences, [Fig. 2](#fig2){ref-type="fig"}G, [Fig. 3](#fig3){ref-type="fig"}G). To examine the migration of RSC-96 cells towards HSC-3 cells, 10k RSC-96 cells were seeded on the migration chambers; 25k, 50k or 100k HSC-3 cells were seeded in the bottom chamber. Similarly, to examine the migration of HSC-3 cells towards RSC-96 cells, 10k HSC-3 cells were seeded on the upper migration chambers. Lower chambers contained 25k, 50k, or 100k RSC-96 cells. All cells were cultured in DMEM plus 1% FBS. Lower chambers with DMEM plus 1% FBS without cells were used as controls. To compare the effect of DOK and HSC-3 cells on RSC-96 cell migration and invasion, or the effect of RSC-96 cells on DOK and HSC-3 cell migration and invasion, 100k cells were seeded in the bottom chambers and 10k cells were seeded on the upper migration chambers. After 24 hours incubation, the Boyden chambers were removed, non-migrating cells were removed, and membranes containing migrated or invaded cells were fixed and stained with Diff-Quik solution (Microptic) according the manufacturer\'s protocol. The number of migrated or invaded cells on the lower side of the membrane was counted under a Nikon Eclipse TI microscope. Four photomicrographs per membrane were randomly taken and quantified for data analysis. Experiments were performed in triplicates.

2.8. ATP and adenosine quantification {#sec2.8}
-------------------------------------

To measure the ATP and the adenosine production in both HSC-3 and RSC-96 cells, HSC-3 and RSC-96 cells (100k each) were co-cultured in a 6-well plate with cell culture inserts. Inserts containing DMEM were used as controls. Triplicate wells were used for each treatment. Forty-eight hours following co-culture, when the cells were confluent, the inserts were removed. Either HSC-3 or RSC-96 cells in the culture plate were washed twice with PBS. Cells were collected in RIPA buffer (Thermo Fisher Scientific) with 10% protease inhibitor cocktail (Thermo Fisher Scientific). Cell lysates were centrifuged at 13,000g for 10 min at 4 °C. ATP concentration in RSC-96 and HSC-3 cell lysates was determined using ENLITEN ATP assay kit (Promega). Luminescence intensity was determined using a luminometer (Promega). Adenosine concentration in RSC-96 and HSC-3 cell lysates was measured using a fluorometric adenosine assay kit (BioVision) following the manufacturer\'s instructions. The fluorescent intensity of adenosine was measured using a SpectraMax M5 plate reader (Molecular Devices). All samples were run in duplicate.

2.9. Real-time PCR {#sec2.9}
------------------

Total RNA was isolated from RSC-96 cells using the Qiagen AllPrep DNA/RNA Micro Kit (Qiagen Inc.). Reverse transcription was carried out with Quantitect Reverse Transcription Kit (Qiagen Inc.) according to the manufacturer\'s instructions. Quantitative real-time PCR was performed with the Taqman Gene Expression Assay Kit (Applied Biosystems Inc.). The housekeeping gene β-actin was used as the internal control gene. Primers were purchased from Life Technologies (rat A2B: RN00567697_m1; rat IL-6: RN01410330_m1; rat β-actin: Rn00667869_m1). Relative quantification analysis of gene expression data was calculated using the 2^−ΔΔCt^ method.

2.10. Western blot {#sec2.10}
------------------

For A2B protein quantification, RSC-96 cells were co-cultured with DOK cells or HSC3 cells for 48 hours before harvest. Cells were lysed and homogenized in ice-cold RIPA buffer (Thermo Fisher Scientific) with 10% protease inhibitor cocktail (Thermo Fisher Scientific). Homogenates were centrifuged at 13,000g for 10 min at 4 °C. The supernatant was collected and stored at -80 °C. Protein concentration of the homogenates was determined using the bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific). For western blot analysis, 30 μg of protein extract was fractionated on a 12% Mini-Protean TGX gel (Bio-Rad) and transferred onto nitrocellulose membranes (Thermo Fisher Scientific). Membranes were blocked for 1 hour with 5% bovine serum albumin (BSA) in PBS containing 0.1% Tween-20, and then incubated overnight at 4 °C at a 1:1000 dilution with rabbit anti-adenosine A2B receptor (Chemicon, AB1589P) or rabbit anti-GAPDH antibody (Cell Signaling, 2118). Secondary antibody HRP-conjugated goat anti-rabbit IgG (Santa Cruz Biotechnology, sc-2030) was used at 1:5000 dilution. The signal was detected by Clarity Western ECL Substrate (Bio-Rad) and analyzed using ChemiDoc MP Imaging System with Image Lab Software (Bio-Rad).

2.11. Immunofluorescent staining {#sec2.11}
--------------------------------

RSC-96 cells were grown overnight at 37 °C on 12-mm glass cover slips coated with 100 μg/mL Poly-L-ornithine (Sigma-Aldrich) and 6 μg/mL of laminin (Sigma-Aldrich). Control RSC-96 cells were cultured with inserts containing DMEM. Treated RSC-96 cells were co-cultured with the same ratio of HSC-3 cells in cell inserts containing DMEM. For A2B antagonist treatment, PSB603 was added into the co-culture to a final concentration of 10 μM. After 48 hours, cells were washed twice with PBS, fixed in ice-cold methanol for 5 min at room temperature, and permeabilized with 0.2% Triton X-100 for 5 min. Cells were incubated with Superblock (Thermo Fisher Scientific) for 1 hour before addition of primary antibodies, rabbit anti-adenosine A2B receptor (1:200, Chemicon, AB1589P) or mouse anti-rat-IL-6 (1:100, Abcam, AB9324) at 4 °C overnight. The primary antibodies were validated with western blot. After 3 washes with PBS, the coverslips were incubated with goat anti-rabbit Alexa Fluor 488 (1:500) or rabbit anti-mouse Texas Red (1:1000, Abcam AB6726) in PBS for 1 hour at room temperature. The specificity of the secondary antibodies was previously tested without applying primary antibodies. Cover slips were washed and mounted on slides in aqueous mounting medium with DAPI to stain the Nuclei (Santa Cruz) and imaged with a Nikon Eclipse TI microscope. Three images were taken for each coverslip. Fluorescence intensity of each image was quantified using Nikon Element Software. Experiments were run in triplicate.

2.12. Supernatant collection and pain behavior assessment {#sec2.12}
---------------------------------------------------------

To determine whether Schwann cells co-cultured with cancer cells can directly trigger a nociceptive response, we injected supernatant from control (DMEM) RSC-96 cells and RSC-96 cells co-cultured with HSC-3 cells into the mouse hind paw and measured paw withdrawal thresholds. RSC-96 cell supernatant was prepared using a non-contact co-culture approach. 100k RSC-96 cells were seeded onto a 6-well culture plate. Cell culture inserts containing DMEM alone (control), or 100k HSC-3 cells (treatment) were then placed on top of the RSC-96 culture. To prevent the contamination of release products from HSC-3 cells, two days following co-culture, cell inserts containing either DMEM or HSC-3 were discarded and RSC-96 growth media was replaced by 1 mL serum-free DMEM. Control RSC-96 cells or RSC-96 cells co-cultured with HSC-3 cells were allowed to grow for another 48 hours before supernatant was collected and centrifuged to remove cell debris. 50 μL of fresh prepared supernatant was injected to the mid-plantar region of the mouse right hind paw under anesthesia with isoflurane. Six mice received control RSC-96 supernatant; 6 mice received supernatant from RSC-96 cells co-cultured with HSC-3 cells.

To determine whether modulation of the Schwann cell-cancer interaction alters cancer-associated nociception, we mixed equal numbers (2 × 10^6^) of HSC3 cells and RSC-96 cells in 10-cm cell culture dishes with DMEM supplemented with 10% FBS. 16 hours later the old media was removed and cells were washed with clear DMEM to remove unattached cells. Vehicle treatment plates receive 3 mL of clear serum-free DMEM containing 3 μL of DMSO (vehicle control). Drug treated plates received 3 μL PSB603 stock dissolved in DMSO into 3 mL of clear serum-free DMEM (1 μM final concentration). Cells were treated for 24 hours before the supernatant was collected and centrifuged briefly to remove cell debris. 50 μL of fresh prepared supernatant was injected to the mid-plantar region of the mouse right hind paw under anesthesia with isoflurane. 6 mice received vehicle supernatant from the co-culture of RSC-96 and HSC-3 cells, and another 6 mice received supernatant from A2B antagonist PSB603 treated co-culture.

For the paw withdrawal assay, mice were allowed to acclimate to the behavior room, the experimenter, and the measuring device for 2 weeks before a baseline paw withdrawal threshold was taken. Supernatant-injected mice were placed individually in a plastic cage with a wire mesh floor. One hour was allowed for recovery from anesthesia and acclimation before testing. The mid-plantar right hind paw was stimulated with a series of von Frey fibers with logarithmically incremental stiffness (TouchTest®, North Coast Medical Inc.) using the up-and-down methods ([@bib6]). The von Frey fibers were held perpendicular to the testing surface with sufficient force to cause buckling. A positive response was considered if the paw was sharply withdrawn and if there was an immediate flinching upon removal of fiber. The fibers were presented at least 5 seconds apart to allow resolution of previous stimuli. Paw withdrawal thresholds were taken at every hour for three hours after injection. Three to six repetitive trials were averaged as the threshold for each mouse at different time points. Animals were randomly assigned into groups. The number of animals per group was determined based on our previous publications on behavioral measurement following HSC-3 supernatant injection ([@bib27]; [@bib55], [@bib56]). The experimenter who performed the behavior testing was blinded to treatment groups.

2.13. Statistical analysis {#sec2.13}
--------------------------

GraphPad *Prism 6.0* was used to perform the statistical analysis. Data were checked for normal distributions using D\'Agostino & Pearson omnibus normality test. Student\'s t-test or Mann-Whitney U test was used to compare two groups depending on data normality. One-way Analysis of Variance (ANOVA) with a Tukey\'s test or Kruskal-Wallis with Dunn\'s test was used to compare multiple groups. The behavioral responses to mechanical stimuli over time among groups were tested using two-way repeated ANOVA, followed by Sidak\'s post hoc test. The significance levels were set at *P* \< 0.05, *P* \< 0.01, or *P* \< 0.001. Results were presented as mean ± standard error of the mean (SEM).

3. Results {#sec3}
==========

3.1. Oral SCC cells induce hypertrophy and Ca^2+^ accumulation in Schwann cells {#sec3.1}
-------------------------------------------------------------------------------

RSC-96 cells co-cultured with HSC-3 cells exhibited increased cytoplasmic area compared to control RSC-96 cells (*P* \< 0.001, HSC-3 vs. DMEM, [Fig. 1](#fig1){ref-type="fig"}B--C) or RSC-96 cells co-cultured with non-tumorigenic DOK cells (*P* \< 0.001, HSC-3 vs. DOK, [Fig. 1](#fig1){ref-type="fig"}B--C). Since Ca^2+^ signaling regulates Schwann cell function and excitability ([@bib33]), we examined whether HSC-3 cells induce Ca^2+^ accumulation within RSC-96 cells. Intracellular Ca^2+^ concentration, as measured by the 340/380 ratio, was higher in RSC-96 cells co-cultured with HSC-3, compared with RSC-96 co-cultured with DOK or RSC-96 grown in DMEM alone (N = 52 per treatment, *P* \< 0.001, HSC-3 vs. DMEM, and *P* = 0.002, HSC-3 vs. DOK co-culture, [Fig. 1](#fig1){ref-type="fig"}D). We also observed a slowly increased Ca^2+^ influx in RSC-96 cells (180 HSC-3 supernatant responsive cells in 250 ATP responsive cells; 72%) when perfused with HSC-3 cell supernatant compared to DMEM, while ATP induced a sharp Ca^2+^ increase in these cells ([Fig. 1](#fig1){ref-type="fig"}E).

3.2. Schwann cells are more proliferative, migratory, and invasive in the presence of oral SCC cells {#sec3.2}
----------------------------------------------------------------------------------------------------

Growth rate of RSC-96 cells increased when co-cultured with either 10k or 20k HSC-3 cells compared to DMEM alone as measured with the RTCA assay (*P* = 0.002, 10k HSC-3 vs. DMEM, *P* \< 0.001, 20k HSC-3 vs. DMEM, [Fig. 2](#fig2){ref-type="fig"}B). Proliferation of RSC-96 cells, as measured by the CellTiter 96® proliferation assay, increased when co-cultured with DOK or HSC-3 cells compared to DMEM alone (*P=*0.003, DOK vs. DMEM, *P* = 0.04, HSC-3 vs. DMEM, [Fig. 2](#fig2){ref-type="fig"}C). RSC-96 cells migrated toward HSC-3 cells in a cell number dependent manner ([Fig. 2](#fig2){ref-type="fig"}E) with greater migration of RSC-96 cells when co-cultured with HSC-3 compared to DOK or DMEM (*P* \< 0.001; [Fig. 2](#fig2){ref-type="fig"}F). By contrast, whereas increased proliferation and migration of RSC-96 cells were observed in the presence of both HSC-3 and DOK cells, only HSC-3 cells induced increased invasion of RSC-96 cells through matrigel (*P* \< 0.001, HSC-3 compared to DOK cells and DMEM, respectively; [Fig. 2](#fig2){ref-type="fig"}H).

3.3. Oral SCC cells are more proliferative, migratory, and invasive in the presence of Schwann cells {#sec3.3}
----------------------------------------------------------------------------------------------------

The growth rate of HSC-3 cells increased when co-cultured with either 10k or 20k RSC-96 cells compared to DMEM alone (*P=*0.02, 10k RSC-96 vs. DMEM, *P* = 0.01, 10k RSC-96 vs. 20k RSC-96, *P* \< 0.001, 20k RSC-96 vs. DMEM, [Fig. 3](#fig3){ref-type="fig"}B). Similarly, migration of HSC-3 cells increased in a cell number dependent manner when co-cultured with RSC-96 cells ([Fig. 3](#fig3){ref-type="fig"}E). Compared to DOK cells, HSC-3 cells were more proliferative (*P* = 0.002, [Fig. 3](#fig3){ref-type="fig"}C), migratory (*P* = 0.002, [Fig. 3](#fig3){ref-type="fig"}F) and invasive (*P* = 0.002, [Fig. 3](#fig3){ref-type="fig"}H) in the presence of RSC-96 cells.

3.4. Schwann cell and oral SCC cell Co-culture leads to increased adenosine production {#sec3.4}
--------------------------------------------------------------------------------------

We next investigated whether Schwann cells and oral SCC cells change their ATP and adenosine production when co-cultured together. We detected increased adenosine concentration in the cell lysate of HSC-3 cells co-cultured with RSC-96 (178 μM ± 4.36), compared to DMEM control (129 μM ± 5.7; [Fig. 4](#fig4){ref-type="fig"}A; *P* = 0.002), while the ATP concentration in HSC-3 cell lysate (14.29 μM ± 1.27) was not different when co-cultured with RSC-96 cells compared to the media control (15 μM ± 1.74, *P* = 0.51). Adenosine concentration in the cell lysate of RSC-96 cells also increased following co-culture with HSC-3 cells (248 μM ± 19.42), compared to the DMEM control (193 μM ± 48.45; *P* = 0.02). The ATP concentration in cell lysate was significantly lower in RSC-96 cells following co-culture with HSC-3 cells (0.10 μM ± 0.13) compared to the DMEM control (2.90 μM ± 0.76, *P* = 0.002, [Fig. 4](#fig4){ref-type="fig"}B).Fig. 4Schwann cell and oral SCC interaction leads to increased adenosine production from both cell types. (A) Adenosine (ADO) concentration increases in HSC-3 cell lysate following co-culture with RSC-96 cells compared to the DMEM control. ATP concentration in HSC-3 cell lysate does not change following co-culture with RSC-96 cells compared to the DMEM control. (B) The ADO concentration in the cell lysate of RSC-96 cells increases following co-culture with HSC-3 cells compared to the DMEM control. The ATP concentration in RSC-96 cell lysate is significantly lower following co-culture with HSC-3 cells compared to the DMEM control. Mann-Whitney U-test.Fig. 4

3.5. Adenosine and the A2B receptor mediate Schwann cell proliferation and migration {#sec3.5}
------------------------------------------------------------------------------------

To determine whether the observed changes in proliferation and migration of RSC-96 cells following co-culture with HSC-3 cells were mediated by adenosine and the A2B receptor, we first determined that the adenosine receptor A2B was expressed by RSC-96 cells although receptor expression levels were not altered by co-culture ([Fig. 5](#fig5){ref-type="fig"}A--D). Addition of 1 μM adenosine in DMEM increased RSC-96 cell proliferation and migration compared to the DMEM control (*P* \< 0.001 and *P* = 0.02, respectively, [Fig. 6](#fig6){ref-type="fig"}A--B) and the increase was inhibited in a dose dependent manner by addition of the A2B antagonist PSB603 ([Fig. 6](#fig6){ref-type="fig"}A--B). Similarly, increased proliferation and migration of RSC-96 cells was observed when the cells were co-cultured with HSC-3 cells, and the increase was reversed by addition of the A2B antagonist PSB603 into the HSC-3 culture ([Fig. 6](#fig6){ref-type="fig"}C--D).Fig. 5A2B receptors are expressed in Schwann cells. (A) Western blot image of A2B expression in RSC-96 cells. GAPDH is used as a housekeeping control. Relative expression of A2B protein in RSC-96 cells co-cultured with DOK or HSC-3 is presented as fold change over DMEM treated RSC-96 cells. (B) Western blot quantification of A2B protein expression in RSC-96 cells. (C) Immunofluorescence labeling of the A2B receptor (green) and nucleus (DAPI, blue) in RSC-96 cells co-cultured with either DOK or HSC-3. Scale: 100 μm. (D) Relative A2B mRNA fold change in RSC-96 cells co-cultured with either DOK or HSC-3 over control RSC-96 cells. No differences are detected across different groups. Kruskal-Wallis test followed by Dunn\'s multiple comparison analysis.Fig. 5Fig. 6The adenosine A2B receptor mediates adenosine-induced Schwann cell proliferation and migration. (A) Adenosine (1 μM) increases the growth rate of RSC-96 cells compared to the DMEM control measured by the RTCA. The A2B antagonist PSB603 (either at 1 μM or 10 μM) inhibits adenosine induced increase in RSC-96 growth. (B) Migration of Schwann cells is increased when adenosine (1 μM) is added to the media at the bottom chamber compared to the DMEM control. The A2B antagonist PSB603 added to the RSC-96 culture (either at 100 nM or 1 μM) inhibits adenosine induced increase in RSC-96 cell migration. (C) Increased RSC-96 proliferation in the presence of HSC-3 cells is inhibited by treating RSC-96 with either 1 μM or 10 μM PSB603. (D) RSC-96 migration towards HSC-3 cells are inhibited by treating of RSC-96 culture with 1 μM PSB603. One-way ANOVA with Tukey\'s post hoc analysis.Fig. 6

3.6. Adenosine and the A2B receptor mediate oral SCC cell proliferation and migration {#sec3.6}
-------------------------------------------------------------------------------------

Addition of 1 μM of adenosine in DMEM increased HSC-3 cell growth rate (*P* \< 0.001, [Fig. 7](#fig7){ref-type="fig"}A) and migration (*P* \< 0.001, [Fig. 7](#fig7){ref-type="fig"}B) compared to the DMEM control, and the increased proliferation and migration induced by adenosine were inhibited by the A2B antagonist PSB603 in a dose dependent manner ([Fig. 7](#fig7){ref-type="fig"}A--B). In the co-culture model, RSC-96 induced increased proliferation (*P* \< 0.001) of HSC-3 cells; adding the A2B antagonist PSB603 into the HSC-3 culture significantly reduced HSC-3 cell growth (*P* \< 0.001, [Fig. 7](#fig7){ref-type="fig"}C). Adding the A2B antagonist PSB603 into the co-culture significantly reduced HSC-3 cell migration towards RSC-96 in a concentration dependent manner (*P* \< 0.001, 1 μM PSB603+RSC-96 vs. RSC-96, *P* = 0.04, 1 μM PSB603+RSC-96 vs. 100 nM PSB603+RSC-96, *P* = 0.08, 100 nM PSB603+RSC-96 vs. RSC-96 [Fig. 7](#fig7){ref-type="fig"}D).Fig. 7The adenosine A2B receptor mediates adenosine-induced Schwann cell proliferation and migration. (A) ADO (1 μM) increases the growth rate of HSC-3 cells compared to the DMEM control measured by the RTCA. The A2B antagonist PSB603 (either at 1 μM or 10 μM) inhibits adenosine induced increase in HSC-3 cell growth. (B) Migration of HSC-3 cells is increased when adenosine (1 μM) was added to the media at the bottom chamber compared to the DMEM control. The A2B antagonist PSB603 (either at 100 nM or 1 μM) added to the HSC-3 culture inhibits adenosine-induced increase in HSC-3 cell migration. (C) Increased HSC-3 cell proliferation in the presence of RSC-96 cells is inhibited by treating HSC-3 cells with either 1 μM or 10 μM PSB603. (D) HSC-3 cell migration towards RSC-96 cells is inhibited by treatment of HSC-3 cell culture with 1 μM PSB603. One-way ANOVA with Tukey\'s post hoc analysis.Fig. 7

3.7. Schwann cells and the A2B receptor modulate oral SCC-induced nociception {#sec3.7}
-----------------------------------------------------------------------------

We previously showed that HSC-3 supernatant induced mechanical hypersensitivity when injected into mice ([@bib38]; [@bib55]). To determine whether Schwann cells contribute to cancer pain, RSC-96 cells were co-cultured with HSC-3 cells for two days to induce Schwann cell activation. The cell culture inserts containing HSC-3 cells were discarded, fresh media was added, and the RSC-96 cells were cultured alone for two days before the supernatant was collected. Control RSC-96 cells were cultured in the same condition with inserts filled with DMEM in the absence of HSC-3 cells. Supernatant from control RSC-96 cells alone decreased mechanical thresholds from baseline in mice (*P* \< 0.001) and the decrease was augmented with supernatant from RSC-96 cells co-cultured with HSC-3 cells at two hours following injection (*P* = 0.03, [Fig. 8](#fig8){ref-type="fig"}A). No difference was detected between the two groups three hours following injection (*P* = 0.06). To examine whether HSC-3 and RSC-96 cell interaction induces nociceptive behavior in mice, and whether the A2B receptor antagonist can inhibit the resulted nociceptive behaviors, we injected supernatant from the HSC-3 and RSC-96 mixed co-culture with and without PSB603 treatment. The supernatant from the co-culture mix induced a decrease in mechanical thresholds from pre-injection baseline, lasted for at least three hours (*P* \< 0.001, [Fig. 8](#fig8){ref-type="fig"}B). Supernatant from the PSB603-treated co-culture significantly increased mechanical thresholds in mice compared to the control supernatant ([Fig. 8](#fig8){ref-type="fig"}B).Fig. 8Schwann cells and the adenosine receptor A2B modulate oral SCC-induced nociception. (A) Paw withdrawal thresholds of mice before and at 1 hour, 2 hours, 3 hours following injection with supernatant from control RSC-96 (DMEM) or supernatant from RSC-96 cells co-cultured with HSC-3 cells. Time factor: F (3,30) = 67.46, *P* \< 0.001; Group factor: F (1,10) = 11.94, P = 0.006. (B) Paw withdrawal thresholds of mice before and at 1 hour, 2 hours, 3 hours following injection of supernatant from mixed RSC-96 and HSC-3 co-culture, or supernatant from mixed RSC-96 and HSC-3 co-culture treated with PSB603 (1 μM). Time factor: F (3,30) = 244.5, *P* \< 0.001; Group factor: F (1,10) = 28.67, *P* \< 0.001. (C) IL-6 mRNA expression fold change over DMEM in RSC-96 cells co-cultured with HSC-3, or PSB603 (10 μM) treated RSC-96 cells co-cultured with HSC-3. (D) IL-6 fluorescence intensity in control RSC-96 cells, or RSC-96 cells co-cultured with HSC-3, or RSC-96 cells co-cultured with HSC-3 plus PSB603 treatment. (E) Photomicrograph examples of control RSC-96 cells, RSC-96 cells co-cultured with HSC-3, and RSC-96 cells co-cultured with HSC-3 plus PSB603 treatment. Scale bar = 100 μm. A-B, Two-way repeated ANOVA with Sadik\'s test. ˆ, *P* \< 0.001, baseline vs. other time points in the control group. \#, *P* \< 0.001, baseline vs. other time points in the treatment group. N = 6 per group. C-D, One-way ANOVA with Tukey\'s post hoc analysis.Fig. 8

Since the A2B receptor has been shown to modulate the expression of IL-6 ([@bib31]), a nociceptive mediator, we investigated the effect of HSC-3 cells and the A2B antagonist on IL-6 mRNA and protein expression in RSC-96 cells. In non-contact co-culture with HSC-3 cells, IL-6 mRNA expression increased in RSC-96 cells compared to the DMEM control (*P* \< 0.001, [Fig. 8](#fig8){ref-type="fig"}C), and this increase was inhibited by addition of PSB603 to the cell co-culture media (*P* = 0.002, [Fig. 8](#fig8){ref-type="fig"}C). Expression of IL-6 protein in RSC-96 cells was also increased following co-culture with HSC-3 cells in inserts compared to the DMEM control (*P* \< 0.001, [Fig. 8](#fig8){ref-type="fig"}D--E), and this increase was inhibited by PSB603 treatment in the cell co-culture media (*P* = 0.009, [Fig. 8](#fig8){ref-type="fig"}D--E).

4. Discussion {#sec4}
=============

Here we investigated a bidirectional interaction between Schwann cells and oral SCC. Our study demonstrates that oral SCC activates Schwann cells. Oral SCC-induced activation of Schwann cells is characterized by cell body enlargement, increased migration and proliferation; these features are similar to the Schwann cell response to nerve injury ([@bib42]). We also show that Schwann cells facilitate oral SCC proliferation, migration, and invasion *in vitro*. Using a supernatant paw injection model, we demonstrate that oral SCC activated Schwann cells could induce nociceptive behaviors in mice.

Emerging evidence suggests a cancer-promoting role of Schwann cells. Consistent with our own findings, increased cancer migration and invasion induced by Schwann cells has been reported in pancreatic, prostate, and colon cancer studies ([@bib8]; [@bib9]; [@bib46]). Schwann cells induce cancer spread and protrusion formation ([@bib8]), and epithelial-mesenchymal transition (EMT)([@bib17]; [@bib45]). Furthermore, Schwann cells contribute to increased nerve innervation (*i.e.*, hyperinnervation) commonly seen in cancer ([@bib9]) because of their known function in inducing nerve branching, arborization, and outgrowth ([@bib1]; [@bib21]; [@bib25]). Schwann cells are not only present within the axon, but are also present around neurites or nerve terminals ([@bib25]), where they can make direct contact with cancer cells and help recruit cancer cells to the nerve ([@bib9]). Removal of Schwann cells following chemical or surgical ablations of nerves might explain decreased tumor growth and progression in animal models of prostate, gastric, and pancreatic cancers ([@bib29]; [@bib36]; [@bib59]). Additionally, Schwann cells might contribute to cancer progression by initiating the process of neural invasion ([@bib2]). Schwann cells migrate towards pancreatic cancer cells before cancer migrate towards Schwann cells; and the presence of Schwann cells in pancreatic precancer sites is associated with increased frequency of neural invasion in malignant pancreatic cancers ([@bib10]).

Our data suggest that the Schwann cell-oral SCC interaction is mediated by adenosine and its receptor A2B. Growing evidence indicates that adenosine and receptor A2B potentially play a pathophysiological role in human cancer and might serve as novel therapy for cancer ([@bib24]). Receptor A2B in the tumor, fibroblasts, endothelial and immune cells increase cancer progression through immunosuppressive activity, tumor angiogenesis, proliferation, and metastasis ([@bib23]; [@bib24]; [@bib26]; [@bib34]). Our findings affirm that A2B activation favors cancer progression. We did not observe an upregulation of A2B receptors on Schwann cells co-cultured with oral SCC, suggesting that activation of A2B receptors alone is sufficient to mediate cell proliferation and migration. Activated A2B receptors have the ability to couple to either a G~q~ protein or a G~s~ subtype of Gα proteins to mediate different cellular functions ([@bib16]; [@bib43]). A2B receptor activation has been shown to increase both mRNA and protein levels of IL-6, PLC, PKC-ε, PKC-δ and p38 signaling, while inhibition of A2B receptor activation pharmacologically by the antagonist PSB603 was associated with a reduction in p38 phosphorylation and IL-6 secretion in microglial cells ([@bib31]). Future studies are needed to pinpoint the downstream signaling pathway upon A2B activation in Schwann cells in the presence of oral SCC.

Our data show that Schwann cells co-cultured with oral SCC induce increased mechanical hypersensitivity in mice and IL-6 is one of the possible nociceptive mediators released by oral SCC activated Schwann cells. Schwann cells co-cultured with oral SCC released more IL-6 compared to control Schwann cells; the A2B receptor antagonist reduced IL-6 release from Schwann cells co-cultured with oral SCC. In parallel, the A2B receptor antagonist inhibited the nociceptive behavior induced by Schwann cells co-cultured with oral SCC. Adenosine can be either pro-nociceptive or analgesic depending on the type of receptor and cells it acts upon and the duration of its action ([@bib19]; [@bib37]). Adenosine is known to trigger IL-6 release in many cell types and the A2B receptor modulates IL-6 production ([@bib31]; [@bib49]). Our findings are further supported by a recent study showing mice lacking an enzyme that breaks down adenosine had increased chronic pain ([@bib19]). Accumulated adenosine activates A2B receptors in myeloid cells and leads to an increase in circulating IL-6 and soluble IL-6 receptor, which causes STAT3 phosphorylation and TRPV1 expression in primary afferent neurons ([@bib19]). In pancreatic cancer, however, Schwann cell activation and increased IL-6 are negatively correlated with cancer pain ([@bib12], [@bib11]). The authors found greater abundance of Schwann cells in premalignant pancreatic intraepithelial neoplasia (not painful) compared to the painful pancreatic adenomas ([@bib10], [@bib12]). The authors suggest that pancreatic precancer is not painful due to IL-6 produced by activated Schwann cells, which blocks glial activation in the central nervous system ([@bib12]). However, the authors also report increased secretion of other known nociceptive mediators such as TNF-α, CCL2, IL-8 by activated Schwann cells ([@bib12]). IL-6 activates glial cells and causes nociceptive behaviors in many animal models ([@bib14]; [@bib15]; [@bib19]; [@bib32]; [@bib42]; [@bib44]; [@bib54]; [@bib58]). Similar to pancreatic precancer, patients with oral dysplasia usually do not report pain, while pain is a prominent feature accompanying oral SCC, especially oral SCC with NI ([@bib28]; [@bib57]). Our data show that Schwann cells are activated more when exposed to oral SCC cells compared to oral precancer cells. While additional studies are needed to confirm the role of Schwann cell derived IL-6 in oral SCC induced pain, activated Schwann cells could release other nociceptive mediators such as NGF and TNF-α - two commonly reported Schwann cell mediators ([@bib22]; [@bib42]). In addition, Schwann cells may indirectly induce increased cancer pain through promoting cancer growth and migration, which could lead to accumulation of cancer-derived pain mediators ([@bib38]; [@bib41], [@bib40]; [@bib54]) proximal to the nerve terminals and axons.

5. Conclusions {#sec5}
==============

The present study demonstrated a role of Schwann cells in cancer progression and pain in an oral SCC model. Oral SCC cells and Schwann cells exhibited a mutual affinity and growth advantage, mediated by adenosine and the A2B receptor. Proliferating cancer cells and Schwann cells lead to the secretion of nociceptive mediators such as IL-6 in the cancer microenvironment, which could trigger and amplify cancer pain.
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